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Abstract 
Biotic structures and processes of the comparatively large and deep Lake Constance are 
dominated by pelagic water bodies. Therefore, much more attention has thus far been paid to 
the carbon cycle of pelagic habitats as compared to littoral areas. Nevertheless, there is also 
an ongoing debate on the importance of littoral areas for the carbon cycle in this lake. Al- 
though actually existing data are certainly insufficient for a realistic arbon budget, investi- 
gations made during the past decade provide at least a rough basis for a first evaluation. Ac- 
cordingly, littoral areas appear to contribute overproportionally (related to surface) both to 
production as well as to degradation forganic arbon in the lake. However, the relative f- 
fect seems to be more pronounced for heterotrophic a tivities, mostly due to intense degrada- 
tion processes inlittoral sediments. Related to volume, littoral water bodies exhibited similar 
or slightly higher microbial activities as compared to epilimnetic pelagic water bodies, while 
microbial abundances and activities observed for littoral sediments exceeded the correspond- 
ing overlying water layers by one to three orders of magnitude. As was confirmed by in situ 
measurements microbial oxygen consumption frequently exceeded photosynthetic oxygen 
production i  the investigated littoral sites. Moreover, significant qualitative differences be- 
tween water and sediment were found for the degradation potentials of xenobiotics as was 
exemplified for phenol and nitrilo-triacetic a id (NTA). Overall, a buffer function at the land- 
water interface may be ascribed to littoral areas due to which the large pelagic water bodies 
of the lake may become additionally protected against loads of undesired organic substances 
due to high littoral degradation capacities. 
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Introduction 
Like in most other prealpine large and deep lakes, lim- 
nological studies on Lake Constance were over decades 
focussed on the large pelagic water body (B~UERLE & 
GAEDKE 1998) which in this lake comprises more than 
90% of its surface (i.e. lake areas with water depths 
>10 m) and more than 99% of its volume. Although 
from this point of view the focus on pelagic water bodies 
seems to be justified, there are a number of actual ques- 
tions concerning lake protection and management which 
can only insufficiently be answered by traditional limno- 
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logical approaches based on measurements of vertical 
profiles at midlake stations. 
Many of these questions are dealing with the struc- 
tural or functional role of littoral riparian and shallow 
water habitats, because there usually most human pres- 
sure is taking place (e.g. land use, leisure activities etc.) 
and hence, a strong demand for objective criteria to eval- 
uate anthropogenic mpacts is obviously given. For 
these reasons, the International Commission for the pro- 
tection of Lake Constance (IGKB, representing all water 
authorities urrounding the lake) decided soon after its 
foundation in 1959 to include also the survey of littoral 
areas into monitoring programs of the lake (e.g., WAG- 
NER & ZAI~NER 1964). Since then considerable knowl- 
edge on abiotic and biotic structures of littoral areas had 
been accumulated (ScHABER 1986) providing thus a 
basis for the development of guidelines for the protec- 
tion of littoral areas edited by the Ministry for Agricul- 
ture and Environment of the Federal State of Baden- 
Wtirttemberg in 1982. 
According to these guidelines littoral shallow water 
areas were considered as important sites of intensive 
"self-purification" (M~)LI~ER 1987). Following this view, 
the load of allochthonously imported or autochthonous- 
ly produced organic matter into the pelagic zones is re- 
duced due to intensive degradation activities in the lit- 
toral. Consequently, less oxygen demand for respiration 
of this organic matter would result for the pelagic zone. 
It must be admitted, however, that direct quantitative ev- 
idence for this view was lacking at that time. Indeed, al- 
ternative views of the function of littoral areas have been 
proposed (e.g., WETZEL 1990) according to which lit- 
toral areas may rather function as source of organic car- 
bon (due to increased littoral primary production) and as 
sinks for nutrients (thus reducing the potential for prima- 
ry production in pelagic water). 
Evidently, existing data are by far insufficient for a 
comprehensive quantitative budget of organic carbon 
fluxes in littoral areas of Lake Constance. Nevertheless, 
considerable efforts were made to improve the under- 
standing of production and degradation processes in the 
littoral since the past decade. In the present contribution, 
it will be attempted to summarise vidence provided 
from a series of separate studies performed at a littoral 
site at the northeast shore, which included primary pro- 
duction by phytoplankton, phytobenthos and macro- 
phytes as well as heterotrophic microbial activities in 
water and sediments. Because of this rather comprehen- 
sive approach covering a complete year cycle and be- 
cause of the availability of corresponding data for pro- 
duction and degradation measured simultaneously for 
pelagic water bodies, it was hoped to obtain at this ex- 
ample a basis for a rough evaluation of the relative role 
of littoral production and degradation in Lake Con- 
stance. 
Study site and Methods 
Lake Constance is a comparatively large (540 km 2 sur- 
face) and deep (maximum depth 254 m, mean depth 
100 m) prealpine lake bordered by the three countries 
Austria, Switzerland and Germany. A comprehensive 
overview on the limnology of this lake is given by 
B~UERLE & GAEDKE (1998). The here presented studies 
were performed in the years 1993-1994 and 1997 at a 
littoral site in front of the western part of the German vil- 
lage Langenargen. This site at the central north-east 
shore is characterised by shallow water area (< 5 m 
water depth) extending roughly 400 m from shore to the 
beginning of the deep water area. There, the shore bank 
is dominated by sandy sediments which are frequently 
resuspended due to strong wind exposition. The vicinity 
of the inflow of two rivers in the West (River Schussen, 
distance 1.5 km) and East (River Argen, distance 
3.4 kin) implies comparatively strong allochthonous in- 
fluences on the study site. 
Water samples were taken biweekly by Ruttner-sam- 
plers (water) and sediment samples and by acrylic glass 
cores with 45 mm diameter. Microbial abundances and 
activities were examined in the upper 4 cm, each cen- 
timetre separately. The methods applied for analysis of 
the samples are described in detail in the published the- 
sis works (SALA 1995; TEIBER 1997; WALSER 1995). 
Therefore, the applied methods are only briefly summa- 
rized in principle. 
Biomass and composition of phytobenthos and phyto- 
plankton were determined microscopically by Uterm6hl 
counting in the inverted microscope after preservation of
samples by Lugol's fixative. Microbial abundances were 
determined by epifluorescence-microscopy using DAPI- 
staining of samples preserved by formalin (3%). For 
sediment counts samples were previously treated with 
sodium polyphosphate and sonicated to obtain homoge- 
nously dispersed cells (SALA 1995). Biomass of macro- 
phytes was estimated by a combination of air pho- 
tographs and field surveys of density and biomass of 
macrophyte stands (WALsER 1995). In situ production 
and consumption of oxygen was measured by means of 
benthic hambers (surface 40 x 60 cm ~-) which were de- 
ployed directly over the sediment surface for several 
days. Oxygen contents were measured and recorded 
continuously with oxygen probes (WTW) and data log- 
gers. Differentiation of benthic and planktonic oxygen 
dynamics was done by measuring oxygen changes in 
parallels with and without inclusion of sediments in the 
respiration chambers (TEIBER 1997). Bacterial produc- 
tion in water and sediments was measured by incorpora- 
tion of 3H-labeled thymidine as described by SALA 
(1995). Enzymatic measurements were done at satura- 
tion concentrations (i.e., Vmax) using either methylum- 
belliferyl-linked oligomeric substrates (glucosidases, 
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phosphatases, proteases) or remazol-blue linked 
polymeric substrates (amylases, cellulases, chitinases, 
xylanases). Enzyme products were determined by 
fluorometry or photometry, respectively (SALA 1995). 
Respiration of glucose and phenol was measured by 
adding radioactively ('4C, 10 HCie 1 -~) labeled substrate 
to water or sediments and trapping evolving ]4C-carbon- 
ate after incubation at in situ temperature for 1 hour by 
phenethylamine as described by SALA (1995). Degrada- 
tion of nitrilo-triacetic acid (NTA) after addition of 
10 mg NTA/1 was measured by determining concentra- 
tions in water samples by gas-chromatography. De- 
scribed experimental pproaches were performed in 
triplicates in 100 ml Erlenmeyer flasks containing 50 ml 
of natural water samples. The flasks were agitated on a 
laboratory shaker at 40 rpm and kept in the dark at a con- 
stant emperature of20 °C. 
Results and Discussion 
As is shown in Table 1, the estimates of annual primary 
production obtained at the littoral study site differ quite 
strongly for the respective littoral plant communities in- 
habiting this area: Lowest values were obtained for phy- 
tobenthic ommunities and highest for littoral phyto- 
plankton and intermediate estimates for macrophytes 
which consisted in this area almost exclusively of Pota- 
mogeton pectinatus. The contribution of aquatic reed 
belts was not considered in this budget, however, at least 
in the main basin of the lake (i.e., Obersee) reed covers 
only a very minor part of littoral shallow water surfaces. 
In comparison with primary production values mea- 
sured simultaneously at pelagic stations, the integrated 
littoral primary production per square metre appears to 
be of the same order of magnitude as the pelagic produc- 
tion. Although this comparison is still subject o a high 
degree of imprecision and uncertainty (mainly due to 
use of different methods and due to the known high local 
variability of primary production in littoral areas) this 
comparison gives at least no support for the view that 
total primary production in the lake is dominated by the 
contribution of littoral areas. 
The different compartments of the plant community 
exhibited also a pronounced seasonal variation in their 
relative contribution to littoral primary production. 
While the contribution of submersed macrophytes (con- 
sisting in the investigated area almost exclusively of 
Potamogeton pectinatus) was clearly restricted to few 
summer months (June-August), the production of phy- 
tobenthos was strongest in winter and early spring. 
During this time also positive daily oxygen budgets 
were observed frequently, indicating reduced respiration 
losses during the cold season (Fig. 1). In contrast, prima- 
ry production was dominated by phytoplankton during 
summer months. 
Table 1. Estimates of annual primary production in Lake Constance obtained for the 
years 199311994. 
Plant community Annual production estimates Reference 
(g C m-2y <) 
Phytobenthos 32 TEIBER (1997) 
Macrophytes 45 WALSER (1995) 
Littoral phytoplankton 113 TEIBER (1997) 
Pelagic phytoplankton 180-250 HASE et al. (1998) 
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Fig. I.  Daily net oxygen changes observed in ben- 
thic chambers deployed in situ over sandy littoral 
sediments at a mean depth of 1.50 m in the littoral 
area at the northeast shore of Lake Constance 
(near Langenargen). The planktonic contribution 
was determined in chambers without sediment 
contact, the benthic contributions was determined 
on the basis of changes observed in chambers with 
sediment contact and subtraction of the plankton 
values. 
Limnologic a(2004) 34, 117-123 
120 H. Gtide et al. 
The in situ studies using benthic hambers made also 
evident that daily oxygen budgets were frequently nega- 
tive during the warmer seasons (Fig. 1). These results 
confirm earlier findings obtained from respiration ex- 
periments performed in the laboratory with littoral sedi- 
ment core samples taken at the same site (WEYHMIJLLER 
1992). Furthermore, the pronounced ifferences ob- 
served for oxygen budgets in chambers without and with 
inclusion of sediments show that he majority of oxygen 
consuming processes could be ascribed to benthic respi- 
ration, whereas planktonic respiration contributed only a 
Table 2. Comparison of the relative differences observed for volume 
related microbial parameters in littoral water and sediments (upper 
cm) and corresponding epilimnetic (2 m depth) pelagic water sam- 
ples. The values are presented as annual average ratios of pelagic 
water: littoral water: littoral sediments observed for the year 1993. 
The value obtained for pelagic water was always taken as reference 
to which the other sampling sites were related. 
Microbial parameters Pelagic Water' Littoral Water : Sediment 
Bacterial abundance 1 2 120 
Bacterial production 1 2 32 
Glucose respiration 1 5 460 
Glucosidase 1 2 36 
Phosphatase 1 2 26 
Protease 1 2 67 
Amylase 1 2 225 
Chitinase 1 1 28 
Cellulase 1 1 21 
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Fig. 2. Thymidine incorporation observed in littoral water samples 
(1.20 m depth, littoral of Langenargen) before, during and after a 
storm-induced resuspension event which occurred in June 1993. 
Sample a: before onset of the storm; samples b-d: during the storm 
(b = 24 h, c = 28 h, d = 30 h); samples e and f: after the storm 
(e -- 48 h, f = 72 h). 
minor part to total ittoral respiration. Overall, these ob- 
servations upport he view that mainly due to the 
demonstrated intensive respiratory processes in littoral 
sediments, littoral areas are at least as important a site of 
degradation forganic matter as a site of its production. 
This conclusion is in agreement with several other indi- 
cators for degradation activities, e.g. methane produc- 
tion (ScI4uLz et al. 2001). 
The strong importance of sediment-based microbial 
heterotrophic processes was further supported by results 
obtained from simultaneous studies on microbial abun- 
dances and activities. This becomes apparent by a com- 
parison of bacterial abundances and activities in sedi- 
ments (expressed as annual means) with corresponding 
values observed in the overlying littoral water and with 
epilimnetic pelagic water from a midlake station. In 
most cases the values obtained per volume unit in sedi- 
ments exceed those observed in water samples by at 
least an order of magnitude. Although a surface related 
comparison would be more informative for this purpose, 
it is difficult o extrapolate he corresponding surface re- 
lated contribution because here only the contribution of 
the upper sediment layers was considered. Therefore, 
the relative numbers given for sediments should be con- 
sidered as minimum estimates and hence, the compari- 
son given in Table 2 corroborates in any case the view of 
the littoral as site of intensive degradation with special 
emphasis of the sediment contribution. 
Even though they were less pronounced, ifferences 
between pelagic and littoral habitats became already ap- 
parent when only water bodies were compared, because 
generally parameters measured for littoral water were 
higher than corresponding pelagic values. There is con- 
siderable reason to assume that this trend is to a signifi- 
cant part due to intensified water sediment contact in the 
shallow water areas. Indeed, especially littoral sediments 
in the studied north-eastern parts of the lake are known to 
be frequently resuspended and thus littoral waters are 
there in continuous and intimate contact with sediment. 
This can be demonstrated by comparing microbial activi- 
ties in the water before, during and after storm events 
(Fig. 2). As was exemplified for thymidine incorporation 
a low value (comparable in magnitude tosimultaneously 
obtained values for pelagic samples) was observed after 
a longer period of calm weather. During a subsequent 
stronger storm event with two windy days the values in- 
creased ramatically. Remarkably, the level of activity 
remained elevated for a considerable time after the 
storm. These findings uggest adirect or indirect impact 
of resuspension  microbial actvities in the overlying 
water body the exact causes of which, however, are at 
present not sufficiently understood. In any case, these 
findings underline the necessity to consider the interplay 
between water and sediments for understanding the eco- 
logical function of shallow water areas. 
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It is important that besides these quantitative aspects 
also qualitative differences became visible with respect 
to observed egradation potentials. This was shown for 
example by in situ measurements of decay rates of 
macrophyte-originated organic matter, which were 
much higher in littoral than in profundal regions 
(WALsER 1995). Although decreased temperatures are 
certainly in part responsible for these observations addi- 
tional factors must play a role. Among these, the avail- 
4 0  
.~ 35 I 30 
25  
-~ 20  
-~ lO 
0 
Argen Schussen Pelagic Littoral LJtt. 
River River water water sediment 
F ig .  3. Respiration (% of substrate added) of ~4C-labeled glucose 
(dark bars) and phenol (light bars) observed in water samples taken 
at July 7, 1997. 
Explanation of the columns: Inflow of River Argen and Schussen; 
Pelagic water = 2 m depth at the deepest site of the lake; littoral 
water = I m depth at littoral study site; littoral sediments = same as 
previous + I g littoral sediment added. 
12 
. . . .  " " :  : : .-::5-.-'.-: +,--h 
g 6 
\ \ I Soh,,ssooR ver 
Z 4 * \ [ . . . . .  pelagic water \ ~ I ....... Littoral water 
2 ~ ~.__~ Li_tt. Sediment 
0 , , , "~,"~ ,"~"~, , , 
0 3 7 10 12 14 17 20 22 
days 
Fig. 4. Degradation of nitrilo-triacetic acid (NTA) in different water 
samples from Lake Constance and two infiowing rivers (River Argen 
and River Schussen). 10 mg of NTA were added to the respective 
water samples and incubated for 22 days (d) at 20 °C. Sampling date 
and sample sources are identical to those described in Fig. 3. 
ability of inorganic nutrients has to be considered as a 
potentially very important factor (ZOHARY et al. 2000), 
because the degradation of carbon rich organic matter 
may become seriously inhibited in the absence of nutri- 
ents. As a consequence of intense sediment-water mix- 
ing littoral areas function also as sources for the supply 
of nutrients, especially when large water bodies are de- 
pleted of nutrients during summer (GODE et al. 2000; 
G~DE & GRIES 1998). 
An additional effect is certainly due to the respective 
composition of the microbial communities in different 
habitats, the existing knowledge about, however, is at 
present again completely insufficient. A strong influence 
of the composition of the involved microbial assem- 
blages is indeed suggested by the finding that, indepen- 
dently of sample, half-life times were of comparable 
magnitude for easily degradable "common" organic 
molecules like glucose while they differed considerably 
for more complex "exotic" substrates like phenol or ni- 
trilo-triacetic acid (NTA) (Figs. 3 and 4). For these sub- 
strates, highest degradation rates were observed for 
water of the inflowing River Schussen and for water 
samples to which small amounts (1 g per 50 ml) of lit- 
toral sediments were added. Although phenol is occur- 
ring naturally, it is a constituent of many xenobiotics and 
can therefore be considered as a representative of xeno- 
biotic substrates imported by human activities. This was 
further exemplified for the degradation of nitrilo-tri- 
acetic acid (NTA, used commonly as a substitute for 
phosphate inwashing powders). Although this xenobiot- 
ic compound is known to be easily degradable in the 
presence of adapted microbial populations (e.g., activat- 
ed sludge from sewage plants), it was shown to be 
degraded very slowly in lake water in the absence of 
sediments, whereas again rapid degradation was ob- 
served in water with added littoral sediments and in 
water samples from the River Schussen which receives 
outlets from 20 sewage plants (Fig. 4). 
For the interpretation of these results it must be espe- 
cially considered that experiments were performed ex- 
clusively with water samples containing the originally 
present microbial assemblages xcept of the variants 
were small amounts of littoral sediments and thus also 
the accompanying sediment microbes were added. 
Therefore the observed ifferences of degradation rates 
appear to be rather a result of the microbial inoculum 
than of the physical structure of sediments (which in any 
case was destroyed in the experimental design). Unfor- 
tunalely, our current knowledge of the taxonomic struc- 
ture of microbial communities i  by far insufficient for a 
comprehensive understanding of the interplay between 
community structure and microbial activities. As is indi- 
cated by the ratio of direct counts to plate counts, the 
composition of littoral sediment bacteria is apparently 
distinct from those obtained for lake bacterioplankton 
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Fig. 5. Ratio of bacterial plate counts/direct counts obtained for dif- 
ferent water samples of Lake Constance and its inflows during 
1993/1994 represented as Whisker plots, showing 50% percentiles 
(boxes), 90% percentiles (bars) and extreme values (asterisks). 
and profundal sediments (Fig. 5). This may point to a 
higher degree of copiotrophic bacteria in littoral sedi- 
ments, as are also even more frequent in rivers (Gt?DE 
2002). Moreover, it is known that sediments exhibit a 
much larger genetic microbial diversity and that bacteria 
imported into sediments have much longer survival 
times compared to free water (GODE et al. 1999). 
Although the mechanistic understanding for the func- 
tioning in nature is still lacking, littoral sediments may 
thus be considered as gene reservoir harbouring a larger 
variety of bacteria nd thus providing also a larger spec- 
trum of potentials for degradation. 
Conclusion and Outlook 
Evidently, the example provided here for the carbon 
metabolism at one more or less randomly selected lit- 
toral site of Lake Constance is by far insufficient for a 
lake wide consideration of the littoral function in deep 
lakes. Nevertheless, it may help to identify the relevant 
structural and functional aspects with respect o their 
local and lake-wide importance. Among these, the 
strong weight of heterotrophic a tivities in littoral shal- 
low water areas has to be emphasized atfirst place, be- 
cause thus the generally higher levels of primary pro- 
duction in littoral appears to be at least compensated by
corresponding elevated egradation activities. Secondly, 
the strong impact of sediment-water interactions on 
degradation processes in littoral habitats deserves also 
considerable attention especially with consideration of
the fate of more recalcitrant organic substances. Both as- 
pects together suggest hat littoral areas function as 
buffer at the land-water interface. In this view, the large 
pelagic water bodies of the lake may become additional- 
ly protected against loads of undesired organic sub- 
stances due to the demonstrated high littoral degradation 
activities. 
Nevertheless, it should not be overlooked that consid- 
erable efforts for a better understanding of littoral struc- 
tures and functions are still necessary in order to achieve 
the initially mentioned goal of an improved scientific 
support for management conceptions related to the pro- 
tection of the lake. Among these, the solution of the sink 
or source debate has probably become less important in 
recent years, because this question was mainly induced 
by the eutrophication problem (GODE et al. 1998). With 
the successful management of eutrophication in this lake, 
awareness of lake problems has shifted much more to 
structural aspects of abiotic and biotic compartments of 
the lake. Although the postulated function as site of self- 
purification can be considered to be confirmed by the ex- 
isting evidence, considerable gaps of knowledge become 
apparent if we want to evaluate how and to which extent 
this function is influenced by structural changes in lit- 
toral areas (e.g., hard shore constructions). Therefore, fu- 
ture studies hould focus more on these aspects as well as 
on a deeper understanding of pelagic-littoral interactions. 
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